As one of leading causes of blindness, diabetic retinopathy (DR) is a progressive microvascular complication of diabetes mellitus (DM). Despite significant efforts have been devoted to investigate DR over the years, the molecular mechanisms still remained unclear. Emerging evidences demonstrated that microRNAs (miRNAs) were tightly associated with pathophysiological development of DR. Hence, this study was aimed to illustrate the role and molecular mechanisms of miR-412-5p in progression of DR. Streptozotocin (STZ) treatment in rats and human retinal endothelial cell (HREC) models were used to simulate DR conditions in vivo and in vitro. Hematoxylin-eosin (HE) staining was used to demonstrate the morphology of retinal tissues of rats. Qualitative real-time polymerase chain reaction (qRT-
Introduction
As one of the leading complications of diabetes mellitus (DM), diabetic retinopathy (DR) is characterized by progressive microvascular deficit in the retina caused by chronic hyperglycemia. 1, 2 DR is considered a disease with high incidences throughout the world, especially in developed countries, 3 as it exhibited no obvious clinical symptoms in early stage, and it could not be precisely diagnosed until the advanced stage. 4 Despite progresses archived in DR therapy in past two decades, prognosis of DR still remains largely unclear. 5 Hence, it is urgent to investigate the potential molecular mechanisms underlying DM progression for clinical therapy.
Recently, it is reported that altered microRNA (miRNA) levels are tightly associated with signaling pathways during the DR progression. 6, 7 miRNAs are a family of short noncoding RNAs with ~22 nucleotides long and highly conserved sequences that inhibited protein translation by targeting its 3′ untranslated region (UTR) or promoted its mRNA degradation. 8 miR-142 is considered as a crucial miRNA in regulating a variety of cell biology activities. It functions as a major modulator in the hematopoietic system and embryonic development. [9] [10] [11] Moreover, miR-142 participates in regulation of various diseases including cancer, inflammation, immune tolerance, and virus infection. 9, 12 miR-142-5p was found to be inhibited in retinal tissues of streptozotocin (STZ)-treated rats according to miRNA microarray analysis. 13 However, the precise functions and molecular mechanisms of miR-142-5p in DR remained unknown.
Insulin-like growth factor 1 (IGF1) is a critical growth and transcriptional factor that is linked with cell proliferation/survival and the development of angiogenesis. 14, 15 IGF1/IGF1-binding proteins (IGF1BPs) and vascular endothelial growth factor (VEGF) contribute to regulation of diabetic angiopathy in DM animal models and patients. 16, 17 In high-glucose (HG) treated human retinal endothelial cell (HREC) models, IGF1/IGF1R was derepressed by the reduced miR-18b level, subsequently activated VEGF secretion and that consequently initiated the downstream phosphorylation of Akt, MEK, and ERK. 18 Powerful experimental and clinical findings suggested IGF1 was tightly related to DR development. However, additional data are required to validate the potential regulatory mechanisms of IGF1 in the pathogenesis of DR. In this study, we elucidated the functions of miR-142-5p/ IGF1/VEGF signaling axis in the pathogenic processes of DR in vivo and in vitro.
Method and materials

DR animal model establishment
Male Sprague-Dawley (SD) rats (~8 weeks) were purchased from Shanghai SLAC Laboratories Inc (Shanghai, China). Those rats were kept in a pathogen-free environment under 12 h:12 h day/light cycle at a temperature of 25°C. All rats had free access to adequate food and purified water. All experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of the Affiliated Huaian NO.1 People's Hospital of Nanjing Medical University.
The rats were randomly assigned to DR and sham group (DR, n = 36, Sham, n = 8). The DR group received a 60 mg/kg intraperitoneal injection of STZ dissolved in 0.1 mol/L citrate buffer. The sham group was intraperitoneally administered with the same volume of citrate buffer (0.1 mol/L). After STZ injection for 72 h, rats exhibited high blood glucose concentration (>16.7 mM) after fasting overnight were regarded as successfully established diabetic models in our study.
The rats in DR group (n = 28) were randomly distributed into four groups for the treatment study: ① DR + miR-NC (n = 7), ② DR + miR-142-5p (n = 7), ③ DR + si-NC (n = 7), and ④ DR + siIGF1 (n = 7). miR-142-5p or miR-NC (2 µg/eye/week), as well as siIGF1 or si-NC were administrated into the eye of the DR rats using inviofectamine 3.0 Reagent (Invitrogen, Carlsbad, USA) according manufacture's protocols. About 10 weeks post injection, all rats were sacrificed to collect the retinal tissues for the further study.
Cell culture
HRECs were purchased from Olaf (Worcester, MA, USA). Cells were cultured in human microvascular endothelial medium (Cell applications, Inc, San Diego, USA) at 37°C in a humidified atmosphere supplemented with 5% CO 2 . Experiments were carried out among cell passages 3 and 8. Cells seeded in six-well plates were treated with high concentration of glucose (25 mM D-glucose) or normal concentration of glucose (NG, 5 mM D-glucose) for 3 days.
Human embryonic kidney 293 (HEK293) cells were acquired from American Type Culture Collection (ATCC, Manassas, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Carlsbad, USA) with 10% fetal bovine serum (FBS, Gibco) and 100 U/mL penicillin/streptomycin (Gibco) in 5% CO 2 humidified atmosphere at 37°C.
Transfection and drug treatment
HRECs were transfected with miR-142-5p (GenePharma, Shanghai, China) or miRNA-negative control (miR-NC), miR-142-5p-inhibitor (miR-142-5p-inh), or miR-NC-inhibitor (miRinh), siIGF1, or si-NC, as well as IGF1 overexpression pcDNA3.1 plasmid using the Lipofectamine 2000 Reagent (Invitrogen) following the manufacturer's instructions. About 24 h post transfection, cells were treated with HG (25 mM) for 48 h, and then HRECs were collected for further study. In addition, cells were treated with the inhibitors of MEK (PD0325901, 200 nM, Selleck chemicals, Houston, USA) and PI3K (LY294002, 20 µM, Beyotime Biotechnology, Shanghai, China), as well as activator of AKT (SC79, 4 µg/mL, Selleck chemicals), respectively for molecular mechanism testing experiment.
HE staining
After fixation in polyformaldehyde (4%), dehydration by conventional gradient, permeation by xylene, and embedding in paraffin, the eye tissues were cut into sections with 5 µm. The retinal morphological characteristics were determined by hematoxylin-eosin (HE, Solarbio, Beijing, China) staining. The morphologic images of retinal membrane tissues were obtained using Olympus microscope (Tokyo, Japan).
Immunofluorescence staining
After fixation overnight, eyes were cut into 15 µm coronal sections using a freezing microtome (Leica, Solms, Germany). First, the sections were incubated in blocking buffer containing 10% normal goat serum and 0.2% Triton X-100 dissolved in phosphate-buffered serum (PBS) for 1 h at room temperature. With the primary antibodies, the sections were probed by anti-CD31 antibody (1:50 dilution, Abcam, Cambridge, UK), anti-vWF antibody (1:300 dilution, Abcam), anti-VE-cadherin antibody (1:500 dilution, Abcam) or anti-Ki-67 antibody (1:100 dilution, Abcam) overnight at 4°C following by incubation with Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:500 dilution, Jackson ImmunoResearch laboratories, Inc, West Grove, USA) or Cy3-conjugated goat anti-rabbit antibody (1:500, Jackson ImmunoResearch laboratories, Inc) for 1 h at room temperature. Then the sections were mounted on glass slides and visualized with Leica fluorescence microscope (DMI3000, Leica). A slide without primary antibody was regarded as the negative control. Exposure conditions in the same channel of different groups in each experiment were kept the same.
Quantitative real-time PCR
Total RNAs were extracted from tissues or cells using TRIzol reagent (Invitrogen) following the reagent instructions and quantified using a NanoDrop 2000 (Thermo Fisher, Waltham, USA). Complementary DNA (cDNA) was synthesized using an RNA plate using miRNA cDNA Synthesis Kit (TaKaRa, Dalian, China). Real-time polymerase chain reaction (PCR) was executed using Script SYBR Green PCR Kit (TaKaRa). β-Actin or U6 small nuclear RNA were served as internal controls for quantification of VEGF or miR-142-5p, respectively. Relative levels of mRNA or miRNA were evaluated using 2 −ΔΔct method. Primers used in this study were synthesized by Shanghai Sangon Biotech (Shanghai, China) and listed in Table 1 . Experiments were repeated at least three times.
Western blotting
Proteins were lysed with RIPA buffer (Beyotime Biotechnology) for 30 min on the ice and then centrifuged at 10,000 r/min for 20 min at 4°C. Then protein concentration was determined using a Table 1 . The primers for qRT-PCR and siRNA were listed in the study.
Name
Primer
VEGF: vascular endothelial growth factor.
Bicinchoninic acid (BCA) kit (Beyotime Biotechnology). A small amount of (30 µg) protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, USA). Next, the membrane was incubated with blocking buffer, and incubated overnight at 4°C with the corresponding primary antibodies: anti-IGF1 antibody (1:500 dilution, Abcam), anti-p-IGF1R antibody ( 
Statistical analysis
Statistical analysis was performed using SPSS 21.0 (SPSS, Inc, Chicago, IL). The comparisons between two groups were evaluated by a two-tailed Student's t-test and multiple groups differences were determined by one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests. All data are expressed as the mean ± standard deviation (SD). P values <0.05 were considered as statistically significant in this study (*P < 0.05, **P < 0.01, ***P < 0.001).
Results
miR-142-5p level was decreased in retinal tissues of DR rats or in HG-induced HRECs
First, the pathologic alterations of retinal tissues were compared between DR group and normal group using HE staining. As shown in Figure 1(a) , the structure and cell layers of retinal tissue were integrated and clear in the normal group (n = 2). The cell number was abundant, and the cell morphology was intact and arranged neatly. However, in the DR group, the inner and outer nuclear layers of the retina were blurred, and the nerve fiber layer was edema. Moreover, the number of retinal cells was reduced and the cells arranged sparsely and disorderly. The morphology of HRECs were identified as goose-oval using phase contrast microscope ( Figure  1(b) ), and the vascular endothelium markers-CD31, von Willebrand factor (vWF) and VE-cadherin were positively expressed in cell lines of HRECs ( Figure  1(c) ). Next, miR-142-5p expression was detected using qualitative real-time polymerase chain reaction (qRT-PCR) under DR pathological condition in vivo and in vitro. miR-142-5p level was significantly down-regulated in retinal tissues of DR rats compared to that of normal rats (***P < 0.001, n = 6, Figure 1(d) ). In addition, the expression of miR-142-5p was remarkably decreased in HRECs in HG-treated group compared with NG group (***P < 0.001, Figure 1(e) ). Taken together, the DR rat model was successfully established and the characteristics of HRECs were well identified, and miR-142-5p level was down-regulated under DR pathological condition.
miR-142-5p suppressed HG treatmentinduced HRECs proliferation
Next, the effects of miR-142-5p on the retinal cell growth were examined in cell lines of HRECs. First, we confirmed that the decreased miR-142-5p level was restored by its mimics under HG treatment compared with miR-NC group (***P < 0.001, Figure 2 (a)). To determine whether VEGF was associated with the change expression of miR-142-5p, qRT-PCR assays were performed. As shown in Figure 2 under miR-142-5p overexpression compared with miR-NC treatment upon HG treatment (**P < 0.01, *P < 0.05, Figure 2(c) ). Conformably, the expression of cell proliferation marker-Ki-67 was enhanced under HG treatment, while such enhancement could be inhibited by miR-142-5p mimic in HG-treated cells (Figure 2(d) ). Altogether, up-regulated miR-142-5p expression prevented cell proliferation upon HG treatment in HRECs.
IGF1 was a direct target of miR-142-5p
miRNAs normally execute their functions through targeting the 3′UTR of mRNAs to modulate downstream protein levels. 8 An online analysis software named Targetscan (http://www.targetscan.org/) predicted a binding site between the 3′UTR of IGF1 mRNA and the miR-142-5p seed sequence ( Figure  3(a) ). To validate whether IGF1 is a target of miR-142-5p, the fragment of IGF1 mRNA 3′UTRcontaining WT or MUT miR-142-5p-binding site was cloned to the luciferase reporter plasmid, respectively, which accompanying with miR-142-5p or miR-NC were co-transfected with the HEK293 cells (Figure 3(b) ). The luciferase activity of HEK293 cells treated with IGF 3′UTR WT vector was significantly attenuated by miR-142-5p, while there was no remarkably difference between cells co-treated with IGF 3′UTR MUT vector and miR-142-5p (IGF1 3′UTR-WT: ***P < 0.001, IGF1 3′UTR-MUT: P > 0.05, Figure 3(b) ). Furthermore, the influence of change miR-142-5p expression on the IGF1 translation level was examined using qRT-PCR and Western blot. The mRNA and protein levels of IGF1 were strengthened by miR-142-5p inhibitor compared with miR-inhibitor group (***P < 0.001, **P < 0.01, Figure 3 (c) and (d)) and decreased by miR-142-5p mimic compared with miR-NC group under HG treatment (***P < 0.001, **P < 0.01, Figure 3 (c) and (d)). These data suggested that IGF1 was directly targeted by miR-142-5p.
miR-142-5p modulated VEGF expression by targeting the IGF1/IGF1R-mediated signaling upon HG treatment
To explore whether the downstream factors of IGF1 participate in regulating the progression of DR, we investigated the role of miR-142-5p and IGF1 in IGF1/IGF1R-mediated signaling as well as subsequently VEGF level using Western blot. As shown in Figure 4(a) , the protein levels of p-IGF1R/IGF1R, p-MEK/MEK, p-AKT/AKT, p-ERK1/2/ERK1/2, and VEGF were enhanced by miR-142-5p inhibitor but further inhibited by interference of IGF1 level in NG HRECs (***P < 0.001, *P < 0.05). In addition, the protein levels of p-IGF1R/IGF1R, p-MEK/MEK, p-AKT/AKT, p-ERK1/2/ERK1/2, and VEGF were decreased by miR-142-5p mimic compared with miR-NC group under HG treatment, while further up-regulated by IGF1 overexpression (***P < 0.001, **P < 0.01, *P < 0.05, Figure 4(b) ). Altogether, the reduced miR-142-5p level would enhance the VEGF expression via activating the IGF1/IGF1R-mediated signaling pathway under HG treatment.
miR-142-5p regulated cell proliferation via targeting the IGF1/IGF1R-mediated signaling under HG-treated condition
To investigate whether miR-142-5p modulated cell viability through IGF1/IGF1R-mediated signaling pathway, Western blot and CCK8 and Ki-67 staining were performed in HRECs, co-transfected with miR-142-5p mimics or inhibitor and the antagonists of MEK, PI3K, or the agonist of AKT. As shown in Figure 5 (a) and (b), the elevated levels of VEGF induced by miR-142-5p inhibitor were re-inhibited by PI3K inhibitor-LY294002 or MEK inhibitor PD032501, respectively, in NG-treated HRECs (***P < 0.001, *P < 0.05). In addition, the weakened expression of VEGF induced by miR-142-5p mimic under NG treatment could be rescued by AKT activator SC-79 in HRECs cells (***P < 0.001, Figure 5(c) ). Furthermore, the heightened cell viability proved by CCK8 assay induced by miR-142-5p inhibitor were further abated by PI3K or MEK inhibitor in NG-treated cell, respectively (**P < 0.01, Figure 5(d) ), while cell viability decreased by miR-142-5p mimics was promoted by SC-79 (**P < 0.01, Figure 5 (e)). Consistently, the Ki-67-positive cells were elevated by down-regulation of miR-142-5p expression, whereas further attenuated by PI3K inhibitor-LY294002 or MEK inhibitor-PD032501 in NG cells (Figure 5(f) and (g) ). The lessened cell proliferation proved by Ki-67 staining assays induced by overexpression of miR-142-5p were further enhanced by AKT agonist SC-79 in HG-treated HRECs (**P < 0.01, Figure 5(h) ). In summary, altered miR-142-5p level mediated cell proliferation by regulating PI3K/AKT/MEK pathway.
Elevated miR-142-5p level exerts protective functions in retinal tissue of DR-treated rats via targeting IGF1
The activation of IGF1/IGF1R-mediated signaling in retinal tissue of DR-treated rats was suppressed upon miR-142-5p mimic treatment or IGF1 knockdown (***P < 0.001, **P < 0.01, *P < 0.05, n = 7, Figure 6(a) ). Furthermore, the pathological morphology of retinal tissues of DR rats would be alleviated by miR-142-5p overexpression or IGF1 knockdown ( Figure 6(b) ). Altogether, restored miR-142-5p level could protect cells from damage of retinal tissue of DR rats caused by IGF1.
Discussion
DR exhibits multiple negative impacts on patient's life, which has been considered as a major cause of blindness in Western developed countries. 19 To date, miRNAs and their potential regulatory networks have been reported to function as critical modulators in the pathogenesis of DM and related complications. 20 This study demonstrated that miR-142-5p was down-regulated in retinal tissues of DR rats and HG-treated HRECs. IGF1 is a direct target of miR-142-5p. The attenuated miR-142-5p level activated IGF/IGF1R-mediated signaling pathway including p-PI3K, p-ERK, p-AKT, and VEGF generation, ultimately giving rise to cell proliferation (Figure 7) . miR-142-5p overexpression or IGF1 knockdown could alleviate the pathological impairments of retinal tissue in DR-treated rats. miRNAs exert multiple types of functions including regulation of inflammatory, oxidative stress, angiogenesis, and coagulation in the progression and development of DR. [21] [22] [23] For instance, the ectopic expressions of miR-21-5p, miR-365, miR-495, or miR-211 promoted cell proliferation and angiogenesis in DR by modulation of maspin/ AKT/ERK, Timp3, Notch/PTEN/Akt, or Sirtuin 1, respectively, [24] [25] [26] [27] while miR-384-3p, miR-145, miR-133b, or miR-181a suppressed retinal neovascularization, oxidative stress, inflammation, and cell proliferation via restraining hexokinase 2, TLR4/NF-κB, ras homolog family member A, or VEGF expressions, respectively. [28] [29] [30] Although miR-142 has been considered as one of leading functional miRNAs in various cellular events, studies reported that miR-142-5p was implicated in occurrence and progression of DM and its complications. 9, 12 In DM human subjects as well as in mouse models, miR-142 level was reduced. 31 Moreover, miR-142-5p level was elevated in type 2 diabetics upon TianMai Xiaoke tablet (TM) treatment. 32 In addition, miRNA microarray analysis suggests that miR-142-5p expression was down-regulated in retinal tissues of STZ-treated rats. 13 Consistently, our present data reported that miR-142-5p level was inhibited in retinal tissue of DR-treated rats as well as in HG-treated HRECs. The decreased miR-142-5p level resulted in the promotion of HREC proliferation, and miR-142-5p overexpression alleviated retinal damages caused by DR treatment. On the basis of our findings, we propose that miR-142-5p functions as a protector during progression of DR. However, there should be a preliminary miRNA chip data to screen the dysregulated miRNAs in DR pathological condition not only miR-142-5p. Moreover, a lack of clinical data in the paper, as it is better to detect the expression of miR-142-5p in clinical samples, otherwise it could be developed as a novel therapeutic candidate in pre-clinical and clinical trials.
Several findings have demonstrated that IGF1 participated in regulation of angiogenesis and cell proliferation for the development of DM and neopathy. [33] [34] [35] [36] IGF1 inhibition was reported to suppress microvascular endothelial cells growth and invasion in type 2 diabetes. 33 IGF1 and its related factors, for instance lncRNA IGF2AS, were associated with advancement of angiogenesis in type 2 diabetes. 35, 36 IGF also was a target of miRNAs in DM-related pathological conditions. 18,37-39 miR-503, miR-18b, miR-29a, or miR-7-modulated cell proliferation/growth or apoptosis via targeting IGF1 expression under HG treatment. 18, [37] [38] [39] Our present data identified that IGF1 was a direct target of miR-142-5p in DR and its downstream signaling pathways also participated in modulation of cell proliferation and tissue damages. IGF1/IGF1R-mediated signaling activation was involved in HG-simulated pathological cell and animal models. 18, 40 For instance, IGF1/IGF1R were initiated by decreased miR-18b expression that activated downstream phosphorylation of Akt, MEK and ERK, and VEGF transcription in HG-treated HRECs. 18 We found that IGF1/p-IGF1R was activated by the reduced miR-142-5p level in DR. Subsequently, phosphorylation status of IGF/IGF1R downstream proteins, including p-MEK, p-AKT, and p-MEK, were elevated along with VEGF activation, eventually giving rise to cell proliferation. Nevertheless, investigations regarding the cell proliferation markers are still required for further exploration under miR-142-5p restoration or IGF1 knockdown in retinal tissues in the DR-treated rats. Besides IGF1 signaling pathway, other cell proliferation-related signaling pathway should to be verified whether related to miR-142-5p under DR condition.
Conclusion
In conclusion, miR-142-5p was down-regulated and promoted HREC proliferation in response to DR conditions via inhibiting IGF1/p-IGF1R signaling pathway, which pathological effects on retinal tissue in DR rats were relieved by miR-142-5p overexpression or IGF silencing. This miR-142-5p/ IGF1 axis facilitate better understanding of the pathogenesis of DR, therefore shedding lights on miR-142-50 as new therapeutic target for DR treatment from bench to clinic.
Animal welfare
This study followed the Guide for the Care and Use of Laboratory Animals for humane animal treatment and complied with relevant legislation.
